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THE DESIGN AND CONSTRUCTION OF A 
STOPPED- FLOW APPARATUS 



by 

Kenneth J. Graham and Richard A. Reinhardt 

Preface 

This report deals with the stopped-flow apparatus, con- 
structed locally over the period from 1970 to 1974 as part 
of the research project entitled "Ammine Complexes of Pal- 
ladium". Herein are documented the history of the fabrica- 
tion and considerable detail on the design of the present 
working model, including modifications planned for the 
immediate future. Also included are quite detailed operat- 
ing instructions intended for the benefit of anyone desiring 
to operate the instrument. It is intended, toward the latter 
end, to provide updated instructions from time to time. 
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THE STUDY OF RAPID REACTIONS IN SOLUTION 



Techniques for the investigation of chemical reaction rates 
can be classified roughly into two sorts: "conventional (or 
classical) methods for reactions with half-lives of a few sec 
and upwards; and rapid-reaction methods for faster reactions 
down to the nsec range. Conventional methods are limited in 
time resolution by the rate of mixing, typically by mechanical 
shaking or stirring of reactants. 

Rapid-rate techniques overcome this limitation in one of 
two ways. In flow methods, turbulence is set up as reagents 
flow through a mixing device, allowing for very rapid and effi- 
cient mixing. Resolution times to tenths of a msec are thus 
available. In relaxation methods (not to be discussed further 
in this report [1]) a system initially at equilibrium is per- 
turbed by a sudden change in pressure, temperature, or concen- 
tration and the return to equilibrium is followed by the change 
in some physical property. Relaxation methods can be used to 
study processes down to the nsec range. Excellent surveys of 
rapid-rate methods are to be found in the literature [1,2, 3, 4] 
with many experimental details provided. 

Continuous Flow 

The earliest flow methods were by the continuous -flow tech- 
nique [5]. The two solutions, as shown in Figure 1, are forced 
into a mixing chamber, M, travelling with a velocity, u, of 
several m sec * . Observation is made of some physical property 
at 0, which is at a distance d from the mixing chamber. Thus 
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the age of the mixed system (the reaction time) is given by 
d/u, and data at different times may be obtained by varying 
either d or u. So long as steady flow continues, and so long 
as 0 is beyond the region of non-homogeneous mixing, the com- 
position at 0 is fixed and thus measurements can be made com- 
paratively at leisure. 




Effective mixing, however, does require turbulence at the 
point of mixing, and it is easily seen that there is consequently 
the requirement for a large expenditure of reagents. Empiri- 
cally it is found [2, p 715] that for turbulent flow the dimen- 
sionless Reynolds number must exceed 2000. This is equivalent 
to the condition that for flow of a liquid of viscosity n , 
density, p, in a tube of radius r, the flow velocity u must 

exceed 1000 n/pr. Converted to volume flow, with water we 

3 -I 

obtain the expression dV/dt *= 30r cm sec (r in cm) or about 
2000r cm^ min ^ . For example, in the 1923 measurements of 
Hartridge and Roughton [5] several liters of solution were re- 
quired per experiment. By using more rapid detection devices, 
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these volumes can be significantly reduced [4, p 33] but then 
the chief advantage over stopped-flow equipment has been largely 
lost . 

Stopped-Flow Methods 

In this technique, two reactant solutions are rapidly mixed 
by flowing through a mixer, as in continuous flow, but then the 
flow is suddenly stopped ( e . g . , within a msec or so) . An ele- 
ment of solution a short distance (say, 1 cm) from the mixing 
chamber will have been mixed for a few msec: the age of the first 
observed sample is the dead time of the equipment. Subsequent 
reaction of this element is then followed by rapid observation 
of some physical property -- typically, the absorption of light, 
detected by a photomultiplier and displayed on an oscilloscope. 

Although there are early uses of the technique reported by 
Roughton [6] and Chance [7] extensive use of stopped-flow methods 
dates from Gibson's use of a stopping piston [8]. In Figure 2, 
Gibson's device is shown schematically. Solutions in syringes 
A and A' are rapidly mixed by the flow through M. The stopping 
piston, P, is pushed along by the reaction mixture and is 




Figure 2. Generalized Stopped-Flow 
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suddenly halted by coming up against an external stop, S. 
Observation is at point 0. The flow must be stopped very sud- 
denly for the following reason: if the flow is too slow, the 
efficiency of mixing falls off badly; and thus if the flow 
were stopped gradually, the liquid which came to rest at 0 
would be incompletely mixed. 

Stopped-flow equipment can yield resolution times down to 
the msec range. Small volumes of solution are adequate. There 
is, on the other hand, the requirement for rapid observation 
and the more complex electronics associated therewith. 

In flow systems of either kind, it is necessary that the 
reagents be mixed thoroughly and as rapidly as possible, so 
that there are no inhomogeneities at the location (or time) 
of the earliest observations. Typical of the design is that 
of Gibson and Milnes [9] in which the reagents enter through 
eight jets of %-mm diameter, opening tangentially into a cen- 
tral mixer tube of 2-mm diameter. The jets are so placed that 
the two series tend to spiral the liquid in opposite directions. 
Such design tends to maximize turbulence, yet avoids the vio- 
lent spinning which could lead to cavitation. A somewhat dif- 
ferent design, due to Berger, et_ al^ [10] allows the reagent 
streams to flow around a spherical ball. The turbulent wake 
due to a spherical surface appears immediately beheind the 
sphere, and thus such a mixer should have a smaller possible 
dead time than one based on tangential jets, in which effective 
mixing occurs several tube diameters beyond the mixer. 
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EVOLUTION OF STOPPED- FLOW REACTORS AT THE NAVAL POSTGRADUATE SCHOOL 



General Remarks 

We shall employ the term M stopped-f low reactor ” to refer 
to the rapid-mixing device with all the associated conduits 
and mechanical controls, but not including electronic or optical 
components. The entire system will be referred to as "stopped- 
flow apparatus ” . A series of reactor models was constructed 
in this laboratory in the period from 1970 to 1973 for testing 
of design features. In addition to those noted below, after 
the construction of Model I, tests were made on a variety of 
mixer designs with regard to feasibility of construction and to 
mixing characteristics as observed visually. 

Prototype Model I (1971, see Figure 3). 

This model made use of independent modular units. The mixer 
was of cast polyester, following Berger's [10] spherical design. 
Solutions were conducted to the mixer by external lengths of 
tubing. The silica observation cell, of 2-mm square cross-sec- 
tion, was attached directly to the mixer. Observation was made 
perpendicular to the direction of flow, resulting in a very 
short optical path. 

Liquid drive was effected by means of gas-tight glass syringes, 
pneumatically operated. Stopping was against a vernier micrometer , 
with an adj us table- leaf microswitch to trigger the oscilloscope. 

A number of problems were associated with Model I. The very 
short light path was a clear disadvantage. The construction was 
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Figure 3. Prototype Model I 
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bulky and clumsy, with many valves to be operated and much tub- 
ing running around; as a result, there were many leaks. The 
stopping was imprecise ("bouncy") due to lack of rigidity in the 
Teflon tubing, especially that leading to the stopping cylinder. 

Prototype Model II (1971, see Figure 4) 

This was constructed of laminated Lucite, each lamina con- 
taining a layer of the channels of the flow system, and the 
whole cemented together. Avoiding the difficult machining of 
the Berger mixer of Model I, a mixer based on that in the com- 
mercial Aminco-Morrow [11] stopped-flow apparatus was used. In 
this, the two reagents are brought together into the mixer as 
opposed jets and the mixed reagents are split and then are 
finally recombined. Observation, which begins immediately beyond 
this last mixing, is parallel to the direction of flow, a nearly 
4-cm optical path being used. Cell windows were cut from glass 
microscope slides. 

Liquid drive was accomplished with plastic syringes, the 
plungers being provided with rubber seals; it was hand operated. 
The stopping syringe, in a separate housing from the mixer proper, 
operated against a micrometer screw. 

Problems associated with this model were: non-reproducible 
flow rate due to the manual operation; "bouncy" stopping on 
account of the plastic tubing leading to the stopping assembly 
and to the plasticity of the various syringes; rusting of the 
metal guide bars. 
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Figure 4. Prototype Model II 
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Prototype Model III (1971-72, see Figure 5) 



This represents a realization of the design features tried 
out in Model II and was, in fact, a working model used well into 
1973. To avoid the oscillations in stopping, the stopping cyl- 
inder was included in the laminated block along with the driving 
cylinder, mixer, and observation port. Drive was by means of 
piston-type syringes operated pneumatically. To attempt to 
compensate for leaks, the Teflon pistons were made in such a 
way that the diameter could be slightly increased (see Figure 6) . 
The syringe bores were lined with either glass or polypropylene. 
The mixer was identical to that of Model II. 

The principal difficulties with Model III were with the 
drive syringes. The glass liners broke frequently, a result 
presumably of some part slightly out of line. Polypropylene 
liners, while of adequate resilience to avoid this problem, 
tended to seize badly when the plungers were tightened enough 
to prevent leaks. It may be remarked also that attempts to use 
nylon for valves were unsuccessful, as the material showed marked 
deterioration when wet with 1 M perchloric acid and then exposed 
to air for a time. 

Salient Features of the Present Working Model IV (1973-74) 

This unit, shown schematically in Figure 7 and in detail in 
Figs. 8 and 9, was constructed of solid Lucite, not laminated, 
as there had been some tendency in Models II and III for leaks 
to develop between the laminae after extended use. The vari- 
ous flow channels were made by machining and plugging as required. 
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Model III 



Figure. 5 . 



Prototype 
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Figure 6. Variable Diameter Teflon Pistons 



17 



STEPPING 




LU >- 
CD —l 
<C CL. 
1— Q_ 

_j zd 

O CO 

q: 
:e uj 
cd is 
h-. o 
rn o_ 



IS 



Figure 7. Model IV Schematic 
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Figure 8. Perspective drawing of 
Stopped-Flow Reactor, Model IV. 
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Figure 9. Assembled Stopped- Flow Reactor, Model IV 
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